Naked mole-rat colonies exhibit a high reproductive skew, breeding being typically restricted to one female (the 'queen') and one to three males. Other colony members are reproductively suppressed, although this suppression can be reversed following the removal or death of the queen. We examined dominance and queen succession within captive colonies to investigate the relationship between urinary testosterone and cortisol, dominance rank and reproductive status; and to determine if behavioural and/or physiological parameters can be used as predictors of queen succession. Social structure was characterized by a linear dominance hierarchy before and after queen removal. Prior to queen removal, dominance rank was negatively correlated with body weight and urinary testosterone and cortisol titres in males and females. Queen removal results in social instability and aggression between high ranking individuals. Dominance rank appears to be a good predictor of reproductive status: queens are the highest ranking colony females and are succeeded by the next highest ranking females. The intense dominance-related aggression that accompanies reproductive succession in naked mole-rats provides empirical support for optimal skew theory.
INTRODUCTION
The African mole-rats (family Bathyergidae) are a unique group of subterranean hystricomorph rodents that exhibit the widest range in social structure of all mammalian families. Species within the group range from solitary dwelling, to the eusocial Damaraland mole-rat (Cryptomys damarensis) and naked molerat (Heterocephalus glaber ). Naked mole-rats inhabit the arid regions of East Africa in colonies that typically contain 70-80 individuals, but can sometimes contain up to 300 individuals (Brett 1991) . Within colonies, a behavioural division of labour operates such that 'worker' or 'colony maintenance' activities are predominantly carried out by small individuals (Jarvis 1981; Jarvis et al. 1991; , while larger colony members may have a defensive role, acting as 'soldiers' . Additionally, a clear cut and extreme reproductive division of labour exists. Most colonies contain only one breeding female (Jarvis 1981 (Jarvis , 1991 , known as the 'queen', who mates with one to three specific breeding males (Jarvis 1991) . The rest of the colony members of both sexes are reproductively suppressed, but not sterile Faulkes & Abbott 1991 .
Studies so far indicate that the queen is the most aggressive colony member (Reeve & Sherman 1991) and that behavioural contact with the queen, rather than a primer pheromone in her urine, is critical for * Author for correspondence.
the maintenance of reproductive suppression in nonbreeders (Faulkes & Abbott 1993) . Suppression may be mediated by behavioural interactions between the queen and the other colony members whereby the stress induced by social contact inhibits reproductive physiology (Faulkes & Abbott 1996) , as in the dwarf mongoose Helogale parvula (Creel et al. 1992 ) and common marmoset Callithrix jacchus (Abbott 1993) . Reproductive suppression can be reversed if socially suppressive cues are removed; for example, following the removal or death of the queen (Jarvis 1991; ). An incest-avoidance mechanism appears to be absent (Jarvis et al. 1994) and new reproductive individuals generally arise from within colonies, resulting in high levels of inbreeding and low levels of genetic variation within colonies (Reeve et al. 1990; Faulkes et al. 1997) .
The social system of naked mole-rats raises a number of questions, one of the most important being which factors in their social environment regulate reproductive success. Age, body weight or genetic relationship to the former queen may all be factors. Additionally, studies on mammals including female gelada baboons Theropithecus gelada (Dunbar 1989) , red deer hinds Cervus elaphus (CluttonBrock et al. 1988 ) and cooperatively breeding mammals such as Callithrichid primates (Abbott 1993) and dwarf mongoose (Creel et al. 1992) , have provided evidence for the beneficial effects of high social rank on an individual's reproductive success. Here we study queen succession in detail and investigate the relationship between dominance and reproduc-tive status. Specifically, we examine the relationship between urinary testosterone and cortisol levels, and dominance rank and reproductive status, and we determine whether physiological and behavioural parameters can be used as predictors of succession. We also examine passing behaviour. When two mole-rats meet face to face in tunnels, brief mutual sniffing of the facial area almost always occurs, then one individual passes over the top of the other. In contrast to overt agonistic behaviour, passing behaviour is exhibited at a high frequency by all colony members and we set out to determine whether it can be used as a metric of dominance behaviour. Alternatively, it has been suggested that larger individuals pass over smaller individuals because it is mechanically easier for larger individuals to pass over smaller individuals in the narrow confines of the tunnel system . To achieve these aims, focal observation of individuals from three captive colonies was carried out and urine collected from each individual to allow hormone determination. After several weeks of observation, the queen was removed from each of the captive colonies (simulating natural death or predation) and focal observation and urine collection continued in order to determine which female succeeded as the new queen.
METHODS AND MATERIALS
Captive colonies of naked mole-rats were maintained at the Institute of Zoology, in Perspex burrow systems comprising nest, food and toilet chambers, as described by Faulkes et al. (1990) . Animals were numbered and identified by a system of toe clipping. During periods of behavioural observation, all the animals in the study colonies were caught once weekly, weighed and their unique toe clip number drawn on their back with an indelible marker pen, to facilitate easy recognition of individuals. The three colonies selected (N, O and NN), contained 28, 15 and 19 animals, respectively. Reproductively active females were identified using a number of criteria: elevated progesterone titres (greater than 2 ng mg −1 Cr), with profiles indicative of an ovarian cycle , and observation of sexual behaviours such as copulations and ano-genital nuzzling. Reproductively active males were identified from observation of sexual behaviour such as copulations and anogenital nuzzling.
Focal animal observation (Martin & Bateson 1986 ) was used to quantify behavioural interactions between individuals within the study colonies both before and after removal of the queen. Individual mole-rats were observed for a 10 min period and the frequency of the following interactions recorded, together with the identities of the animals involved: open-mouth gaping, incisor fencing, batting, biting, shoving and tugging. These behaviours have previously been defined by as agonistic behaviours in naked mole-rat colonies. A minimum of nine focal samples was carried out on each individual in all three colonies both before and after queen removal. Duration of observations for colony N, O and NN prequeen removal were 112, 56 and 145 days, respectively. This corresponds to 45, 27 and 120 h of focal observation for colonies N, O and NN, respectively. Colonies N and O were both observed for 55 days, and colony NN for 238 days post-queen removal, corresponding to 45, 27 and 122 h of focal observation, respectively. Behavioural observations were divided into two equal time periods before, and two equal time periods after, queen removal, to allow analysis of changes in dominance rank over time.
Within the context of competition over breeding status, two agonistic behaviours, shoving and biting, were the most frequently observed and are described in this paper. To minimize trauma, when possible, injured animals were removed and housed separately. However, the unpredictability of severe aggression meant that early intervention was not always possible. In addition to the behaviours listed above, passing behaviour was also recorded. In this study only passes following face to face encounters that were preceded by sniffing (implying recognition) were recorded. Passes over the top were classed as dominant behaviour and the respective animal received a score of one. Rare but important behaviours such as sexual behaviours, were recorded whenever observed.
From behavioural observations, a 'sociometric matrix' (Martin & Bateson 1986 ) was constructed for all three colonies using the frequency of passing over between interacting mole-rat dyads as cell entries. The proportion of times that one animal passed over another individual in dyadic encounters was obtained and summed for each individual encountered to provide a rank score which was used to assign a dominance rank. To test Lacey et al.'s (1991) hypothesis, body weight was controlled for by comparing the frequency that individuals passed over others in dyads of similar body weight (±0.4 g) in pairwise comparisons (n = 8), to the frequency expected by chance using the chi-squared test for homogeneity. The probabilities calculated for each dyad were combined using Fisher's test (−2 ln p) to create an overall test for significance. In contrast to colonies N and O, overt agonistic behaviour was exhibited by all members of colony NN and at a high enough frequency to allow determination of all dominance relationships within the colony. In colony NN, therefore, dominance rank was calculated twice using the above method but using either passing behaviour or the frequency of agonistic behaviour initiated as cell entries in the matrix. This allowed us to test if passing dominance is correlated with agonistic dominance in colony NN. Appleby's (1983) index of linearity (K) was used to measure the degree of linearity of the hierarchy, and linearity tested for statistical significance using Appleby's (1983) test for transitiveness of dominance.
Urine was chosen in preference over blood for hormone determination, as it allows for repeated sampling to be carried out over the same period as the behavioural observations with minimum disturbance to the colonies. Urine sampling involved the removal of wood shavings from the toilet chamber of the colony and wiping the chamber clean with damp tissue paper. Immediately after each urination, the deposited urine was collected in a glass Pasteur pipette and the toilet chamber wiped clean with tissue paper. Urine samples were put on ice immediately, then stored at −20
• C until hormone determination. Prior to hormone determination, all urine samples were subjected to a determination of creatinine, as described by Bonney et al. (1982) , to correct for differing dilutions. All urinary hormone concentrations were expressed as mass per mg creatinine (mg Cr −1 ). Progesterone in female urine was measured in petroleum-ether extracted samples (50-100 µl) by radioimmunoassay, as previously described and validated for the naked mole-rat (Faulkes 1990; Faulkes et al. 1990 ). The sensitivity limit of the assay (determined as values with 90% binding) was 3 pg tube −1 . At an average dilution of urine, this was equivalent to 1.5 ng mg −1 Cr. Intra-and inter-assay precision, expressed as the coefficient of variation for repeated determinations of a quality control, was 9.1% (n = 8) and 9.6% (n = 5), respectively.
Testosterone concentrations were determined in diethyl ether-extracted urine (50-100 µl) by radioimmunoassay following celite chromatography, using sheep antitestosterone antibody no. 505 (MRC Reproductive Physiology Unit, Edinburgh) or without chromatography using biogenesis rabbit anti-testosterone antibody no. 8680-6004, as previously described and validated for the naked mole-rat (Faulkes 1990 ). The limit of sensitivity of the assay (90% binding) was 2.0 pg tube −1 for samples (equivalent to 2.22 ng mg −1 Cr). Inter-assay variation was 13.7% (n = 17). Intra-assay coefficient of variation for one assay was 5.8% (n = 10).
Cortisol concentrations were determined in diethyl ether extracted urine (50 µl) using antiserum no. 5004-201 (Scottish Antibody Production Unit), as previously described and validated for the naked mole-rat (Faulkes 1990) . The sensitivity of the assay (90% binding) was equivalent to 35 pg tube −1 . At an average dilution of urine, this was equivalent to 2.5 ng mg −1 Cr. Inter-assay variation was 11.3% (n = 13). Intra-assay variation for one assay was 9.7% (n = 7).
Statistical correlations were made using Spearman rank tests. Mann-Whitney U -tests were used to determine if there was a relationship between dominance rank and sex. Wilcoxon matched-pairs test was used to determine whether significant changes in body weight had occurred in the period before, and after, the removal of the breeding female, and to compare testosterone and cortisol levels before and after queen removal. In colony N, which contained four reproductively active males, testosterone titres were compared both between breeding males and non-breeding males, and before versus after queen removal, using two-way analysis of variance (two-way ANOVA) for repeated measures. All statistical analysis was two-tailed and the cut-off point for statistical significance was p = 0.05.
RESULTS (a) Pre-queen removal
Asymmetry in passing behaviour between molerat dyads was not entirely due to differences in body weight between the interactors. When body weight was controlled for in dyadic interactions, one animal still passed over the other more often than expected by chance (χ 2 = 29.7, p < 0.02, d.f. = 16). Dominance rank calculated from passing behaviour showed a strong and highly significant correlation with dominance rank calculated using agonistic behaviour (r S = 0.85, p < 0.001) From this point onwards dominance rank refers to rank calculated using passing behaviour.
Before queen removal, there was a strong and highly significant negative correlation between mean body weight and dominance rank of all colony members in all three colonies (figure 1). In colony N (the only colony with enough age classes to allow statistical analysis), age showed a strong and highly significant negative correlation with dominance rank (r S = −0.75, p < 0.0001). In colony N, male dominance rank was significantly higher than that of females (Mann-Whitney U = 52, n = 16 males, n = 12 females, p < 0.05), whereas in both other colonies there was no relationship between dominance rank and sex (colony O: Mann-Whitney U = 18, n = 8 males, n = 7 females; colony NN: U = 44, n = 9 males, n = 10 females). In two colonies, urinary testosterone titres were strongly and significantly negatively correlated with the dominance rank of females (figure 2) and males (colony NN: r S = −0.83, p < 0.02; colony O: r S = −0.91, p < 0.01). In colony NN, there was modest but highly significant negative correlation between urinary cortisol titres and dominance rank in colony members of both sexes (r S = −0.67, p = 0.003). There were few (colonies O and NN) or no (colony N) rank reversals and all colonies were characterized by a highly significant and linear dominance hierarchy (colony N: K = 0.69, χ 2 = 210.8, p =< 0.01; colony O: K = 0.82, χ 2 = 87.5, p < 0.01; colony NN: K = 0.87, χ 2 = 135.3, p = 0.01). Resident queens were always the highest ranking colony females and generally the highest ranking colony members (figures 1 and 2). Queens were also the heaviest and oldest animals (from the oldest surviving litter) in their colonies (figure 1), exhibited the highest or second highest urinary testosterone titres of colony females (figure 2), and were, by far, the most aggressive colony animals (figure 3). Resident queens were the only colony females to show elevated progesterone titres with peaks, indicative of an ovarian cycle (figure 4). Other females exhibited low or undetectable progesterone levels and were anovulatory, in the presence of the queen (figure 4). Females in colony NN showed a significant increase in body weight in the seven weeks preceding queen removal (Z = 2.3, p < 0.02), whereas females in colonies N and O, and males in all three colonies, exhibited no significant change in body weight.
(b) Post-queen removal
In the first seven weeks after queen removal, both males and females showed a significant increase in body weight in colony N (males: Z = 3.35, p < 0.0005; females: Z = 2.28, p = 0.005) and colony O (males: Z = 2.37, p < 0.02; females: Z = 2.3, p < 0.02). In colony NN, only females exhibited a significant increase in body weight (Z = 2.52, p = 0.01). The percentage increase in body weight following queen removal was 18.7% for females succeeding as new queens (n = 4), 9% for all other females (n = 22) and 9.7% for males (n = 33). Following queen removal, non-breeding males exhibited a significant increase in urinary testosterone levels in colony N (Z = 2.20, p < 0.03) and colony O (Z = 2.0, p < 0.03), whereas among breeding males and non-breeding females in all colonies there was no significant change in urinary testosterone titres, nor were urinary testosterone or cortisol titres correlated with dominance rank. In colony NN, urinary cortisol levels of colony members showed a significant increase following queen removal (Z = 2.06, p < 0.05). . There were many rank reversals with those females succeeding as new queens becoming the highest ranking colony animals. In addition, these females also exhibited among the highest urinary testosterone levels of colony females (figure 2). Accompanying this period of social instability was a marked increase in aggression within colonies (figure 3). Before queen removal those females which were to succeed as new queens were no more aggressive than other non-breeders or breeding males (figure 3) and did not appear to challenge the reproductive hegemony of resident queens. Vice versa, these females were rarely shoved by the resident queen in two colonies, although in one colony the female succeeding the resident queen was the prime subject of the queen's aggression. Following queen removal, those dominant colony females becoming reproductively active began to exhibit shoving behaviour for the first time (colonies N and O), or increased their rate of shoving (colony NN) (figure 3) .
There was a highly significant negative correlation between shoves received from the new queen and the dominance rank of colony members in colony N (r S = −0.61, p < 0.001) and NN (r S = −0.65, p < 0.005) (figure 5). In colony O, shoving by the new queen was also directed primarily towards the next highest ranking colony members, although the relationship was not significant (r S = −0.53, p = 0.06) (figure 5). In colonies N and O, there was one clearly dominant and aggressive female and reproductive succession was rapid. In colony N, four of the highest ranking males died as a result of fighting with the new queen 67, 120, 185 d, and 11 months after queen removal. Two of these males were the only animals, other than the new queen, to exhibit shoving behaviour, and post mortem examination revealed reproductive tracts full of sperm, indicating that they may have been reproductively active. The new queen in colony N gave birth 131 d post-queen removal. With a gestation length of between 66 and 77 d (Jarvis 1991) , conception took place around 54 to 65 d postqueen removal. The new queen in colony N gave birth to fourteen litters over the following 4 years until she was killed by her daughter: the next largest colony female from the oldest surviving litter. In colony O, serious aggression (biting) by the new queen was directed towards all female littermates and three high ranking males resulting in the death of two of these males: male 8 (the father of all colony members) and male 78 (a littermate of the new queen). In contrast, in colony NN, several large dominant females became reproductively active at the same time and fought intensively for reproductive dominance (figure 3). In this colony, aggression was initiated by, and directed towards, those other high ranking females competing for reproductive dominance (figure 5). One of (b)-(e) a representative sample of non-breeding females, before and after queen removal. Arrows indicate the point in the study of queen removal. Progesterone titres and profiles of colony females not included in figure 4 are similar to the profiles of non-breeding females included above (e.g. undetectable or low progesterone titres, i.e. less than 2 ng mg −1 Cr).
these high ranking females was attacked 8 weeks after queen removal and died. In colony NN, 20 months after queen removal, there are still two reproductively active females. These queens and the queen in colony O have so far not reproduced.
DISCUSSION
When controlling for body weight, one individual still significantly passes over the other more than expected by chance. This suggests that passing dominance is not purely because it is mechanically easier for larger individuals to pass over smaller ones in the tunnel system, as previously hypothesized , and that other factors are involved. In Norway rats (Rattus norvegicus) passing and crawl-over behaviours are good indicators of social dominance, with passing dominance being associated with agonistic dominance and perhaps also implicated in the maintenance or establishment of dominance relationships (Ziporyn & McClintock 1991) . Dominance rank calculated using passing behaviour also appears to be a good indicator of dominance relationships among naked mole-rats. Passing dominance was associated with agonistic dominance and correlated with body weight, age and urinary testosterone levels, all implicated as important factors in the attainment of high dominance rank in other mammals (Clutton-Brock 1988) . Schieffelin & Sherman (1995) also found a dominance hierarchy in naked mole-rat colonies with a dominance rank based on body weight but not age or sex, using tugging contests over food to determine dominance relationships. Body weight in naked molerats is labile (perhaps responding to colony needs) and does not necessarily covary with age (Jarvis et al. 1991; O'Riain 1996) , perhaps explaining why rank was correlated with weight but not age in their study. However, O'Riain (1996) found that in naked molerat colonies formed from pairs, individuals in the first born litter receive little aggression from littermates, whereas individuals in later litters receive aggression from animals in all older litters, providing some support for the correlation between dominance and age in this study. Dominance rank appears to be the most reliable predictor of reproductive status: queens are the highest ranking females and are succeded by the next highest ranking females. In field studies, body weight may be the most useful predictor, as behavioural observation of colony members is not usually possible. Colony O was formed by pairing a non-breeding male and a female at random, in contrast to colonies N and NN, where resident queens had attained their breeding status naturally through competition in long established colonies, perhaps explaining why the queen in colony O was not the highest ranking colony member.
In previous studies, simple correlations between testosterone levels and social dominance have proved equivocal, such correlations are to an extent dependant on factors such as taxonomic class, age, social context and experience (Wingfield et al. 1994) . This study illustrates how correlations between dominance and both androgens and corticosteriods can disappear under periods of social instability. A similar relationship between dominance and cortisol levels has been observed in other cooperatively breeding species such as common marmosets (Faulkes & Abbott 1996) and dwarf mongoose (Davies 1996) , where dominant individuals had much higher cortisol levels than subordinates, although in common, marmosets cortisol levels appear to be associated with reproductive function rather than social status per se (Saltzman et al. 1994) . In contrast, Sapolsky (1990) found that wild subordinate male olive baboons (Papio anubis) possessed much higher basal cortisol levels than dominants. There is extensive evidence that social stress can increase corticosteriod secretion and suppress reproductive function (Wingfield et al. 1994) . In this study, social instability was accompanied by increased cortisol levels; however, as with dwarf mongoose and common marmoset, there does not appear to be a causal link between cortisol levels and reproductive suppression in naked molerats (Faulkes 1990; Faulkes & Abbott 1996; Davies 1996) .
Even within litters of naked mole-rats, there is considerable variation in both adult body size and testosterone levels and hence dominance rank. It remains unclear how large phenotypic variation can arise between littermates in highly inbred species such as naked mole-rats. Although multiple paternity within a litter has been recorded and colony members are not genetically identical (Faulkes et al. 1997) , it is not yet clear if those traits that contribute to the attainment of dominance relationships in naked molerats are heritable. Phenotypic variation could arise as a result of a stochastic developmental process: in other rodents it has been shown that the intrauterine position of a foetus can have an effect on its future reproductive success and sexual behaviour (vom Saal 1989; Clarke et al. 1992) .
The reproductive activation of one or several females, and increase in intracolony aggression, social instability and body weight, following queen removal, confirms the results of previous studies that the presence of the queen in colonies has a suppressive influence on all colony members of both sexes (Faulkes 1990; Faulkes & Abbott 1993; Jarvis 1991; Jarvis et al. 1991 ). An increase in body weight by both males and females following queen removal has also been reported by other researchers (Jarvis 1991; Jarvis et al. 1991; . These authors also reported that removal of both the queen and the breeding male(s) or several other large non-breeders, results in severe colony disruption and an increase in intracolony aggression and the death of colony members (Jarvis 1991; . We report here that removal of only the queen is sufficient to cause colony social instability and severe aggression leading to the death of some colony members. Social order is restored when a new female has taken over and agonistic interactions become relatively rare and subtle events. In contrast, other social bathyergids such as the eusocial Cryptomys damarensis, appear to show strong incest avoidance and the death of a breeder results in either a cessation of reproduction until a foreign animal joins the colony or colony fissioning and outbreeding (Jarvis & Bennett 1993) . Following Hamilton's rule (Hamilton 1964) , the high level of inbreeding in naked mole-rat colonies due to strong ecological constraints on dispersal (Jarvis et al. 1994) , should promote altruistic behaviour among colony members. However, despite high intracolony relatedness (Reeve et al. 1990; Faulkes et al. 1997) , this and other studies have shown that colonies are not perfectly harmonious societies (Reeve & Sherman 1991) . There is underlying competition over resources such as food (Schieffelin & Sherman 1995; O'Riain 1996) or breeding opportunities (Jarvis 1991; . Competition between colony members who vary greatly in competitive ability, as a result of large phenotypic variation within colonies, may account for the high linearity of dominance hierarchies. The increase in linearity of dominance hierarchies following queen removal may be due to increased competition between colony members which reinforces dominance relationships. Optimal skew theory predicts intense dominance-related aggression in high skew societies (Keller & Reeve 1994 ) such as naked molerats, where, despite high intracolony relatedness, the pay-offs from becoming a breeder are largely relative to a single helper's effect on colony reproduction (Reeve & Sherman 1991) . The death of colony members following queen removal may be an extreme attempt by new queens to establish their dominance and re-impose reproductive suppression on subordinates. High ranking males, who are often reproductively active, may be killed because they are a threat to new queens if they mate with other females who have become reproductively active. Dominance rank appears to be the most important determinant of reproductive status in naked mole-rats, explaining why intense aggression is limited to the highest ranking colony members. 
